We investigate the potential to probe physics beyond the Standard Model with isotope shift measurements of optical atomic clock transitions. We first derive the reach for generic new physics above the GeV scale at the effective field theory level, as well as estimate the limits on possible new spin-independent forces mediated by sub-GeV states coupled to electrons and neutrons. We also study the weak force and show that isotope shifts could provide strong constraints on the Z 0 couplings to valence quarks, which complement precision observables at LEP and atomic parity violation experiments. Finally, motivated by recent experimental hints of a new 750 GeV resonance in diphotons, we also consider the potential to probe its parity-preserving couplings to electrons, quarks and gluons with this method. In particular, combining the diphoton signal with indirect constraints from ge − 2 and isotope shifts in Ytterbium allows to probe the resonance coupling to electrons with unprecedented precision.
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I. INTRODUCTION
The Standard Model of particle physics (SM) describes, with a huge success, a vast amount of phenomena in a wide range of energy scales. With the discovery of a 125 GeV Higgs boson [1, 2], the SM is a theoretically consistent theory up to scales much larger than the electroweak scale. However, it is well establish that the SM is not a complete description of Nature. For example, it can not account for the observed matter-antimatter asymmetry of our Universe, nor neutrino oscillations and it does not contain a viable dark matter candidate. All these observations require physics beyond the SM, although none of them points to a specific mass scale.
Much of the effort in searching for new physics is done at collider experiments, like ATLAS and CMS at the LHC, which stand at the energy frontier and with B-factories and LHCb at the intensity frontier. A third, complementary approach relies on high precision measurements of clean (both theoretically and experimentally) low energy processes. Prominent examples are the electric and magnetic dipole moments of the electron [3] [4] [5] . Atomic parity violating (APV) amplitudes in heavy atoms [6, 7] also supply valuable observables. Recently, Ref. [8] proposed to use precision isotope shift (IS) measurements in atomic clock transitions. Although the method was originaly proposed to probe the Higgs couplings to the electron and the first generation quarks, it is in principle sensitive to many other phenomena with interactions to electrons and nuclei, as long as those are not proportional to the electric charge. A noteworthy example is the weak force whose parity-conserving part could lead to measurable effects, even for couplings of the Z 0 boson at their SM values [8] . This letter aims at evaluating the possibility to probe deviations of the Z 0 coupling to SM fermions as well as other forms of new physics around and above the GeV scale with state-of-the-art IS measurements.
II. ISOTOPE SHIFTS IN ATOMIC CLOCKS
Atomic clocks involve very narrow optical transitions in heavy atoms and ions [9] . Frequency comparisons of such transitions are already extremely precise in several systems [10] [11] [12] [13] [14] , with a relative accuracy down to 10 −18 [14] . Frenquency shifts between isotopes in some of them are also measured with very good accuracy, see e.g. [15] . The frequency shift between two isotopes of mass A and A for a transition i is predicted to be [8, 16] 
where
A is the electron-nucleus reduced mass change, δ r
A is the difference in the nuclear charge distribution variance, while K i and F i are electronic constants depending only on the transition, not on the nuclear parameters. The first term on the RHS is due to nuclear mass shift (MS), the second term denotes the so-called volume or field shift (FS) and X i AA generically represents possible new physics contributions. The K i and F i constants and δ r 2 AA are challenging to calculate accurately from first principles. Therefore, the extraction of X i AA from an IS measurement in a single transition i is by far limited by theory uncertainties. Nevertheless, theory uncertainties largely cancel out when IS measurements in two distinct transitions (with the same isotopes) are plotted against each other in a so-called King plot [17] . IS measurements then offer a way to extract (or bound) differences of X [8, 18, 19] , confirmation from many-body simulations with relativistic corrections remains necessary. As we show in the following sections, this method then turn IS measurements into a probe of many scenarios for physics beyond the SM with unprecependented precision.
For sake of concreteness, we apply the above strategy using the two known narrow transitions in singly ionized Ytterbium Yb + (Z = 70, A = 168, . . . , 176), namely the quadrupole (E2) and octupole (E3) electric transitions at 436 nm and 467 nm, respectively. Both of them involve a 6S orbital which is most sensitive to short range interactions through its large overlap with nuclei. Experiments have already demonstrated the ability to probe both transitions with an uncertainty below the Hz level [12, 20, 21] with good prospect for improvement [22] and IS measurements with Hz precision [23] .
Finally, note that a critical point of the above approach is the validity of the factorized form of the MS and FS terms in Eq. (1) which is expected to break at some level, yielding non-linear King plots. However, observing that IS contributions are controlled by small parameters, namely m e µ AA and δ r is the Bohr radius, such non-linearities are expected to be at most an order of magnitude below the uncertainty currently limiting Yb + experiments [8, 24] . We therefore assume linear King plots in Yb + with Hz-level accuracy in this letter. In the case that, in a near future, experimental uncertainties were reduced so to reveal MS/FS non-linearities, a series of dispositions could still be implemented to keep improving their sensitivity to new physics. For instance, these effects could presumably be computed with sufficient accuracy in order to substract them from IS measurements and construct a King plot with the residuals. Another possibility, if the dependence of MS/FS non-linearities with the isotope mass difference differs from that of new physics, would be to use similar measurements with additional isotopes to calibrate them and isolate possible more fundamental contributions.
III. EFFECTIVE THEORY ANALYSIS
Atomic IS are modified by short distance physics which couples to electrons as well as quarks and/or gluons. We focus in this work on spin-independent interactions whose contributions to energy level shifts are enhanced by the number of nucleons. Therefore, the Lagrangian at the scale µ ≈ GeV, relevant for our effective field theory (EFT) analysis is
where L SM is the Standard Model Lagrangian, and the higher-dimensional operators are
eq . Note that, since vector currents are conserved, nucleon couplings are only sensitive to the vector currents of valence quarks. Since Q = c, b, t quarks are integrated out at µ ≈ GeV, similar four-fermion operators of the form
only contribute as threshold corrections to O eg , shifting its associated Wilson coefficient (WC) such that
where δc eg denotes genuine new physics contributions to c eg . Within atomic systems of mass A and atomic number Z, the above operators induce a local potential between nuclei and their bound electrons of
where y eA ≡ y ep Z + y en (A − Z). IS measurements can only probe the neutron contribution which relates to the above WC's (evaluated at µ = Λ, with Λ = 1 TeV for definiteness) through [25] [26] [27] [28] [29] y en ≈ 8.8 c 
where c eg ≈ δc eg − 49 c 
where |ψ(0)| 2 is the nS electron density at the nucleus, which in the non-relativistic limit is approximately 4.2Z(1 + n e ) 2 /(na 0 ) 3 [8, 30] . Following Ref. [8] , the observation of linearity in a King plot constructed from IS measurements for the two Yb + clock transitions down to an accuracy of ∆ ∼ O(Hz) would yield
where slightly stronger than those from the 8 TeV and 13 TeV LHC [32, 33] . For scalar operators, the above limits are stronger than LEP 2 (whenever relevant) by about an order of magnitude, mostly due to the larger nuclear form factors.
IV. PARITY-CONSERVING WEAK FORCE
Consider now the weak force between nuclei and electrons. The parity-conserving part of the weak interaction induces, through the exchange of the Z 0 boson, a potential of
where G F ≈ 1.166 × 10 −5 GeV −2 is the Fermi constant, and m Z , g e and g A are the mass and the vector couplings of the Z 0 boson to the electron and the nucleus, respectively. The tree level coupling values in the SM are g
is the SM tree level nuclear weak charge and s 2 W ≈ 0.23 is the sine of the weak mixing angle squared. The electron coupling was best probed at LEP through precision measurements at the Z pole, and was found to agree (including radiative corrections) with the SM at the 10 −3 level [31] . On the other hand, deviation from the SM Z 0 couplings to the first generation quarks are poorly contrained in a modelindependent way. In particular, new physics contributions to the right-handed up and down quark couplings could be as large as O(1) relative to their SM values [34] . We therefore assume that the Z 0 coupling to electron is SM-like and use IS measurements to probe the parity conserving part of the first-generation quark couplings.
From Eq. (12), the weak force contributes to the IS in Eq. (1) as
where q W is the nuclear weak charge per unit neutron, whose tree level SM value is q 
Using
with g 
Although Eq. (15) applies to the parity-conserving parts only, it is stronger than model-independent bounds [34] from LEP by a factor ∼ 2 for up-quarks, and about an order of magnitude for down-quarks. Equation (15) shall be compared to a similar bound obtained from atomic parity violation measurements in 133 Cs atom [6, 7] . Due to the accidentally small Z coupling to protons, APV is mostly sensitive to q W , giving |δg u + 2δg d | 10 −3 [35] . Albeit weaker, the IS constraint is complementary to the latter since it is insensitive to the presence of additional sources of parity-violation beyond the weak force.
V. NEW PHYSICS BELOW THE GEV SCALE
New physics mediators φ with mass m φ below the GeV scale are not captured by the EFT analysis above, since the range of the new force is parametrically larger than the nuclear size. The potential between nuclei and their bound electrons is parameterized generically as
where s = 0, 1, 2 is the spin of the mediator, α φ its coupling strength and N e and N A denote respectively the charge of the electron and the nucleus under the new φ-mediated force. In contrast with the previous cases, the shift δE k of an energy-level k now requires the knowledge of the electron wave function in the entire atomic volume, and not just |ψ(0)| 2 . In heavy atoms or ions, the shape of the wave function at all radii is strongly sensitive to electron-electron correlation effects and relativistic corrections. Many-body simulations are necessary to accurately account for these effects, which is far beyond the scope of this work. However, for r a 0 /Z, the screening of the other electrons is negligible and the wave function in the inner part of the atom is well approximated by one in the non-relativistic limit [30] ψ(r a 0 /Z) ψ(0)e −Zr/a0 .
The above approximation is expected to break for interaction ranges 1/m φ longer than a 0 /Z or, equivalently, for mediator masses satisfying m φ Zαm e ∼ 100 keV-1 MeV for Z = 70. The resulting contribution to the IS in Eq. (1) is found to be
Note that if φ couples only to protons in the nucleus, then N A − N A = 0 and the IS contribution vanishes. For sake of concreteness, we assume in the rest of this section N e = 1 and, in analogy with the Higgs force [8] , N A = A. We show in Fig. 1 the values of α φ probed with IS measurements for mediator masses in the range 10 MeV< m φ < 10 GeV. Existing Ca + data [36] constrain couplings of O(10 −6 α) for m φ = 10 MeV, while King plots constructed from prospective Yb + measurements at the Hz level could improve these bound by five orders of magnitude.
VI. ON A POSSIBLE 750 GEV RESONANCE
We move now to consider a resonance S with a mass of 750 GeV, possibly related to the diphoton excess recently reported by the ATLAS and CMS experiments S couplings LHC (8, 13) bound [33, 37] at the 13 TeV LHC [38, 39] . This observation corresponds to an estimated pp → S → γγ cross section of σ 13 γγ ≈ 5 fb (see e.g. [40] ). Furthermore, ATLAS result weakly favors a large resonance width of Γ S ≈ 45 GeV. Production of this new physics state at the LHC already establishes its coupling to protons, either through gluons, valence or sea quarks. From the observation of a prompt decay into diphotons, we know that S is either a scalar, pseudoscalar or a spin two particle [41, 42] . If S is a parity even state which further couples to electrons and neutrons, there is an opportunity to probe its coupling structure with IS measurements. For illustration we will focus on the scalar case, however our results are straightforward to generalize for a spin two. The relevant S couplings to SM states are parameterized by the following phenomenological Lagrangian at the scale m S = 750 GeV
where f = e, q, Q with q = u, d, s, Q = c, b, t and α s is the QCD coupling. For energy scales E ≤ m S , the relevant effects of S are parameterized at leading order by the effective operators in Eqs. (3)- (6) with Λ = m S and c S eq = y e y q , c S eQ = y e y Q , δc eg = −y e c g /(12π), while c V eq = 0. At the GeV scale, the c, b, t quarks are integrated out and contribute as threshold corrections to O eg whose WC is given by Eq. (7) with Λ = m S . In order to derive the constraints on S couplings to fermions and gluons from Yb + measurements, we simply recast the projected bounds in Table I from the EFT analysis. Similar combinations of S couplings are bounded by direct resonance searches decaying into e + e − at the LHC. The best bounds on a pp → S → e + e − resonance are set by LHC data at 8 TeV and 13 TeV with a cross section of σ 8 ee 2 fb [37] and σ 13 ee 6.5 fb [33] at 95% confidence level (CL), respectively. Assuming that S production at the LHC is dominated by either c g or one of the quark couplings yields conservative direct bounds on the product of y e and y q , y Q and c g [40, 43] . We summarize these bounds together with the projected ones from IS measurements in Table. II. We learn that IS measurements with state-of-the-art accuracy in Yb + could already surpass direct searches at the 8 TeV and 13 TeV LHC in probing S couplings, unless the dominant production mechanism of the resonance is gluon fusion, through a loop of either top quarks or new physics states, or cc and bb annihilation.
The electron coupling is also indirectly constrained by precision measurements of the anomalous magnetic moment of the electron a e ≡ (g e − 2)/2 [4, 44] , together with extracted values of α from other measurements in Rb atoms [5] . As a result, new physics contributions to a e are severy constrained with |∆a e | 8.1 × 10 −13 at 95% CL [45, 46] . The dominant S contribution to g e − 2 is through two one-loop diagrams scaling like y 2 e and y e c γ , respectively: ∆a e 750 = y 2 e F e + y e c γ F eγ [47] . The first contribution is suppressed by m 2 e /m 2 S and evaluates to F e ≈ 3.1 × 10 −13 [48] . On the other hand, the second diagram is only m e /m S suppressed but is logarithmically sensitive to unknown UV physics. It is nevertheless reasonably estimated through naive dimensional analysis [49] , yielding F eγ ∼ 2 × 10 −11 [47] where an O(1) uncertainty from the logarithm of the UV scale to m S ratio is understood. Barring accidental cancellations between the two diagrams, the g e − 2 constraint gives |y e | 1. 6 and |y e c γ | 3.9 × 10 −2 , respectively. Combining the latter with a possible LHC diphoton signal yields an upper limit on the electron-to-production coupling ratio of |y e | (11y u , 8.3y d , 2.5y s , 2.1y c , 1.4y b , 0.11c g ) × 10 −3 [43] , which together with the bounds of Table II allows to bound |y e | from above. Assuming the projected IS bounds gives |y e | (4.1, 3.2, 6.1, 14, 26, 130) × 10 −3 . The above interplay is illustrated on Fig. 2 in the case where S production is uū dominated, along with LHC constraints on dijet production [50] .
VII. OUTLOOK
In this letter we discussed the possibility to probe physics beyond the Standard Model with King plots constructed with precision Isotope Shifts (IS) measurements in optical atomic clock transitions. Relying on an effective field theory approach, we derived the generic reach on new physics whose characteristic mass scale is well above 1 GeV. While bounds on spin-one mediated interactions are expected to be comparable to those from collider experiments, precision IS measurements could probe scalar mediators up to ∼ 20 TeV if their neutron coupling is dominated by up or down quarks. In the case of sub-GeV forces, we estimated the sensitivity on the interaction strength to be 10 −11 relative to the fine structure constant α ≈ 1/137 for mediator masses as low as 10 MeV. Smaller masses could in principle be probed, provided an accurate knowledge of the electronic wave functions in the entire atomic volume which is beyond the scope of our preliminary analysis. Furthermore, we proposed a simple way to probe deviations from Standard Model Z 0 couplings to up and down quarks. We found that prospective IS constraints are stronger than the LEP measurements at the Z 0 pole up to an order of magnitude for down quarks. Finally, we comment on the prospects to probe the coupling structure of a possible 750 GeV scalar resonance. In particular, we showed how sensible knowledge on the resonance coupling to electrons can be extracted from IS measurements together with the LHC diphoton signal and indirect constraints from g e −2.
Precision IS measurements open a new door to probe physics beyond the Standard Model. The complementarity of the informations gleaned with such low energy processes and those from the energy and intensity frontiers is a valuable asset towards improving our understanding of Nature's fundamental clockworks.
